To produce tomato fruits with 6% average Brix without decreasing yield, we investigated the effect of moderate salinity stress on Brix and yield in a single-truss, high-density tomato production system. Because tomato fruit development can be predicted from cumulative temperature, we also assessed cumulative temperature after anthesis as a potential indicator for determining the starting points of salinity stress treatments. When transverse diameters of the first fruit reached 4 cm (i.e., early increase treatment) or the first fruits were at the mature green stage (i.e., late increase treatment), nutrient solution electrical conductivity was slowly increased until the breaker stage from 1.8 dS·m -1 to 6.0 dS·m -1
Introduction
Recent consumer interest in tomatoes has focused on flavor quality, with fruits having high Brix (soluble solid) levels in great demand. Because market transaction prices are high, production of high-Brix tomato fruit is potentially very profitable. Sugar concentrations of tomato fruit can generally be increased by applying water or salt stress to plant root zones before harvest (Adams and Ho, 1992; Ehret and Ho, 1986; Saito et al., 2006) . Although increased sugar concentrations can be achieved by beginning stress treatments after early fruit set, reductions in fruit weight due to the effects of strong stress are observed (Okano et al., 2002) . In addition, earlier application of salt stress to tomato plants, such as immediately after flowering during periods of high temperature, frequently results in blossom-end rot (BER) (Watanabe, 2006) . In multi-truss tomato production, advanced techniques are required to minimize BER occurrence on the upper trusses and maintain plant vigor under the stress conditions needed to produce fruit with high sugar concentrations.
Single-truss, high-density tomato production is designed for year-round short-term cultivation and production. Compared with multi-truss tomato production, the single-truss system is simple and eases cultivation. The production period of single-truss plants is very short, as only one fruit truss is harvested. Because Brix levels fluctuate in fruits from multi-truss production with salinity stress, the single-truss system is also advantageous for uniform production of high-sugar fruits. Tomatoes transferred to a greenhouse-based recirculating nutrient film technique (NFT) system (Tomatori-na; Mitsubishi Plastics Agri Dream) with a slope of 0.5% and a nutrient solution flow rate of 5 L·min -1
. Intra-and inter-row spacings were 10 and 110 cm, respectively, with a planting density of 9.09 plants·m -2
. The Enshi formula nutrient solution used in this study contained 12.0 mM NO 3 -N, 1.0 mM NH 4 -N, 3.0 mM P, 6.0 mM K, 3.0 mM Ca, and 1.5 mM Mg, and had an electrical conductivity (EC) of 1.8 dS·m -1
. The solution was held in 100-L tanks, each supplying two beds. Plants were pinched off just below the second truss, and all lateral shoots were removed. After pinching, planting beds were wired opposite the fruit truss, and leaves were pulled back and attached to the wire to expose the first-truss fruits (Johkan et al., 2013) . At anthesis, the flower truss was sprayed with 4-chlorophenoxyacetic acid (Tomato Tones; ISK Biosciences, Tokyo, Japan). The greenhouse was maintained at a minimum temperature of 10°C. Five fruits matured on each truss and were harvested.
Leaf areas were measured as projected areas using a digital camera and image analysis software (Scion Image, National Institutes of Health, Frederick, MD, USA). Fruits at the red stage were harvested from 20 plants and classified as marketable or unmarketable, with the unmarketable fruit further categorized for BER, core rot (CR), cracking, hollowing, and catfacing. Ascorbic acid (AsA) concentrations were measured on an RQ-Flex plus reflectometer (Merck, Darmstadt, Germany), and sugar concentrations were determined using a refractometer (IPR-101; Atago, Tokyo, Japan). Titratable acidity of fruits was examined by the titration method. Tomato fruit was homogenized and then passed through filter paper. The filtrate was diluted 10-fold with distilled water. That sample was then titrated with 0.1N NaOH. Titratable acidity was expressed as the citric acid concentration.
Effect of timing of nutrient concentration increase on
tomato yield and quality (Exp. 1) Tomato seeds were sown on 25 May, 2012 and placed in the chamber 3 days later, with seedlings transferred to the recirculating NFT system on 19 June. Seedlings were subjected to one of two treatments: when transverse diameters of more than half of first fruits in a bed reached 4 cm (i.e., early increase treatment) or more than half of first fruits in a bed were at the mature green stage (i.e., late increase treatment), the EC of the nutrient solution was slowly increased until the breaker stage from 1.8 dS·m -1 to 6.0 dS·m -1 using 100× stock of Enshi formula nutrient solution (Fig. 1A) . Early increase treatments were started on 13 July, and late increase treatments on 25 July, with targeted nutrient solution rate increases of 0.34 and 0.65 dS·m -1 per 2 days, respectively. Average maximum and minimum temperatures were 35.6 and 22.0°C, respectively. with high soluble solids have in fact been successfully obtained using this system (Araki et al., 2009; Sakamoto et al., 1999) .
Increases in sugar and total soluble solids in tomato fruits subjected to salt or water stress are due to decreased water uptake (Bolarin et al., 2001; Chretien et al., 2000; Ehret and Ho, 1986; Li et al., 2001) . Because of the tradeoff between increased sugar concentration and fruit size, however, final yields per plant are markedly reduced. Saito et al. (2006) and Sakamoto et al. (1999) have also reported that addition of sodium chloride (NaCl) to nutrient solutions increases tomato fruit sugar concentrations, but tends to decrease fruit yield. BER and cracking also increase, further reducing the final yield per plant. Development of a method to boost tomato fruit sugar concentrations without decreasing fruit size is thus a desirable goal.
Current techniques for high-sugar tomato production subject plants to excessive water or salt stress, which results in decreased fruit yield. Previous studies have examined the effect of salinity stress at different growth stages in a low-truss, high-density tomato production system (Saito et al., 2006; Sakamoto et al., 1999) , but a successful method for increasing sugar concentration without inhibiting fruit growth has not been identified. In the present study, we investigated the effect of moderate salinity stress, achieved by gradually increasing nutrient solution concentration, on sugar concentration and fruit yield. For stable year-round production, we also examined the potential use of cumulative temperature after flowering as a starting point indicator for nutrient solution increase. Our goal was the production of tomato fruit with average Brix of 6% without decreases in fruit yield.
Materials and Methods

Plant materials
Seeds of tomato plants (Solanum lycopersicum L. 'Momotaro York'; Takii Seed, Kyoto, Japan) were sown in a 128-cell tray filled with commercial substrate (Natera; Mitsubishi Plastics Agri Dream, Tokyo, Japan). The seeds were germinated in the dark and grown in a temperature-controlled chamber equipped with fluorescent lamps (Nae Terrace; Mitsubishi Plastics Agri Dream) for 21 days. The chamber was operated under a photosynthetic photon flux density of 280 mmol·m , respectively. Average maximum and minimum temperatures were 28.6 and 15.7°C, respectively. First through fifth tomato fruits were harvested separately.
Statistical analysis
Tukey's multiple range test was used to test differences among more than two means at the 0.05 significance level using XLSTAT software (Esumi, Tokyo, Japan).
Results
Effect of timing of nutrient concentration increase on
tomato yield and quality (Exp. 1) Tomato fruit yield, marketable fruit number, and marketable fruit fresh weight (FW) were unaffected by the timing of nutrient solution EC increase, but marketable fruit yields from plants subjected to the late increase treatment were significantly higher than those from early-treated plants (Table 1) . Percentages of marketable fruit from control, early, and late increase treatments were 76, 75.6, and 88%, respectively. The total incidence of BER and CR in fruit from treated plants was higher than that of controls, while the highest percentage of fruit cracking was recorded from early-treated plants (Table 2 ). Fruit BER under each treatment was less than 3%. In addition, irregular fruit and hollow fruit were observed on control and late-treated plants.
Elevated Brix levels were observed in tomato fruits from treated plants, with the 5.9% measured from latetreated plants being significantly higher than the 5.1% control level (Table 3) . Titratable acidity of tomato fruit from early increase treatments was significantly higher than that of controls, whereas AsA concentration, leaf area, and shoot and root dry weights from the different treatments were statistically unchanged (data not shown).
Effect of cumulative temperature-based timing of nutrient concentration increase on tomato yield and quality (Exp. 2)
Tomato seeds were sown on 20 August and placed in the chamber 3 days later. On 11 September, seedlings were transferred to the recirculating NFT system. In Exp. 1, post-anthesis cumulative temperatures at the start of early and late increase treatments were 287 and 650°C·days, respectively (Fig. 1A) . The EC of the nutrient solution was therefore slowly increased from 1.8 dS·m -1 , beginning at either 287 or 650°C·days, to 6.0 dS·m -1 at 1000°C·days (breaker stage) using 100× stock of Enshi formula nutrient solution (Fig. 1B) . Early and late increase treatments were started on 13 z Early and late increase timings of nutrient solution concentration were 4 cm transverse diameters of first fruits and the mature green stage of first fruits, respectively. y Cumulative temperatures at the beginning of early and late treatments were 287 and 650°C·days, respectively. x Different letters indicate significant differences (P < 0.05; Tukey's multiple range test, n = 18). concentration, 20.7 mg/100 g FW, was observed in fruit from early-treated plants; AsA concentrations of control and late-treated plants were 15.5 and 17.6 mg/100 g FW, respectively (Table 3) . Leaf area and shoot and root dry weight were unaffected by increases in nutrient solution concentration (data not shown).
Fruit yields of plants subjected to the early increase treatment were significantly lower than those of control plants, whereas the yield, number, and FW of marketable fruit were unaffected by early and late EC nutrient solution increases whose timing was based on cumulative temperature (Table 1 ). The percentages of marketable fruit from control, early and late treatments were very high: 90.9, 94.8, and 98.7%, respectively. Hollow fruit percentages from control and early treatments were 7.8 and 3.9%, respectively, while 1.3% of fruits from each treatment were catfaced ( Table 2) .
The highest soluble solids concentration, 6.4%, was measured in tomato fruit from early-treated plants. Brix levels of control and late-treated plants were 5.4 and 5.7%, respectively (Table 3) . Sugar concentration and fruit weight were positively correlated, with the highest sugar concentrations and fruit weights observed in early-set fruit (Fig. 2) . The largest fruits had higher soluble solids concentrations, and the sizes and soluble solids concentrations of first and second fruits were larger and higher than those of other fruits. Titratable acidities of tomato fruit from the two treatments were significantly higher than control levels. The highest AsA Table 2 . Effect of timing of nutrient solution concentration increases on physiological disorder incidence of tomato fruit. z Early and late increase timings of nutrient solution concentration were 4 cm transverse diameters of first fruits and the mature green stage of first fruits, respectively. y Cumulative temperatures at the beginning of early and late treatments were 287 and 650°C·days, respectively. Early and late increase timings of nutrient solution concentration were 4 cm transverse diameters of first fruits and the mature green stage of first fruits, respectively. y Cumulative temperatures at the beginning of early and late treatments were 287 and 650°C·days, respectively. x Different letters indicate significant differences (P < 0.05; Tukey's multiple range test, n = 18).
Fig. 2. Correlation between fresh weight and Brix levels of tomato
fruits from plants subjected to moderate salinity stress (early increase treatment) based on cumulative temperature. 1st-5th: fruit number on the truss. Fruits produced under the late salinity treatment are not included because their Brix was below 6%. *significant at P < 0.05.
required from flowering to fruit maturation (Kita, 1987) . We therefore examined the effect of applying nutrient solution concentration increases according to cumulative temperature. Because cumulative temperatures at early and late treatment starting points in Exp. 1 were 287 and 650°C·days, respectively, the required daily concentration increase in Exp. 2 was calculated by predicting the date on which the 1000°C·day would be reached. Brix values of tomato fruits from early-and late-treated plants in Exp. 2 were increased with no reduction in fruit yield. It thus appears that salt stress treatment involving a gradual increase in nutrient solution EC at a rate determined by increases in cumulative temperature can minimize tomato fruit growth inhibition. Seasonal differences in fruit development due to cumulative temperature are large. For example, diameters of fruits subjected to early and late treatments in Exp. 2 were 3 and 7 cm, whereas those in Exp. 1 were 4 and 6 cm, respectively. Moreover, in our study, the cumulative temperature at the breaker stage of tomato fruits in winter was more than 1500°C·days (data not shown). The inversion of Brix values in tomato fruit subjected to moderate salinity stress in Exps. 1 and 2 may therefore be attributed to differences in the degree of fruit development and salinity stress related to fruit developmental stage. It may thus be necessary to determine the cumulative temperature of fruit developmental stages for each season and to take into consideration effective temperature zones.
Although the relationship between cumulative temperature and tomato fruit development from flowering to maturity is strong (Kita, 1987) , fruit in Exps. 1 and 2 were at different developmental stages at the starting points of early and late salinity treatments. Consequently, we are unable to provide a definitive answer regarding the starting points of salinity stress in this study. Nevertheless, tomato fruit Brix values were significantly increased by gradual increases in nutrient solution EC with no corresponding significant decreases in fruit yield. Acceptable Brix values and fruit yields were achieved under early salinity treatment in Exp. 2, suggesting that increasing EC by 0.1 dS·m -1 ·day -1 at this time may be suitable for inducing moderate salinity stress.
In general, Brix values of later-harvested fruit in a truss are higher than those harvested earlier because later-harvested fruit have been subjected to a longer period of salinity stress. In our study, however, the opposite was the case, and this was also true in the controls. Plant growth is also typically decreased under salinity stress, but this was not observed in our study, suggesting that tomato plants had become acclimatized to salinity stress while nutrient solution EC was gradually increased. These results indicate that the mechanism of high-sugar tomato production under moderate salinity stress treatment may be different from that of currently practiced methods.
Consistent fruit quality in fruit trusses is a problem
Discussion
In conventional high-sugar tomato fruit production using salt stress, the EC of the nutrient solution is rapidly increased during the growing period by adding NaCl or high concentrations of stock solution. Saito et al. (2006) reported that tomato fruit Brix increased from 6.1 to 9.9% in a third-truss, high-density tomato production system when nutrient solution EC was increased and maintained at 8.0 dS·m -1 from first truss anthesis until fruit harvest by adding NaCl. Wu and Kubota (2008) also reported that tomato fruit Brix increased from 5.3% to 6.1% when nutrient solution EC was increased to 4.5 dS·m -1 at the pink stage. Although fruit sugar concentrations were increased by limiting water inflow to the fruit using salt stress, fruit yield was reduced as tomato fruits became smaller. Our results demonstrate that it is possible to increase sugar concentrations without significantly reducing fruit yield using moderate salinity stress. In addition, our results indicate that moderate salinity stress can be used to produce tomato fruit with 6% Brix.
During high-sugar tomato production, physiological disorders can easily occur because water inflow to fruit is limited. High salinity stress increases the incidence of BER and CR by interfering with Ca
2+
, decreasing its uptake by roots and its transport via xylem to fruits Belda et al., 1996; Ho et al., 1993) . Adams and Ho (1992) reported that BER incidence in tomatoes cultivated at EC 13.6 dS·m -1 was 3.7-4.4-fold higher than in those grown at EC 2.4 dS·m -1
. In Exp. 1 of our study, CR incidence in tomatoes from earlyand late-treated plants under salinity stress was 3.0 and 2.3 times that of the controls, respectively, while total incidence of BER and CR in early-and late-treated fruit was slightly increased, to 1.9 and 1.3 times that of the controls, respectively. Moreover, in Exp. 2, the percentage of tomatoes with physiological disorders after salinity stress treatments was less than 6%, and the yield of unmarketable fruit was not increased by high nutrient solution concentrations. These results suggest that a consequence of avoiding rapid increases in nutrient solution concentration could allow the normal growth of tomato fruit because of stabilized water inflow. Our results also suggest that the incidence of unmarketable fruits from plants treated with moderate salinity stress is less than that obtained from tomato production using conventional salinity stress.
To ensure stable production of high-sugar tomato fruit regardless of the season, the timing of nutrient solution concentration increase is important. In Exp. 1, the starting points of early and late salinity stress treatments were when first fruit had 4-cm transverse diameter and at mature green stages, respectively. In commercial production, however, objective management indicators are preferable to visual monitoring methods. The process of maturation in tomato fruits can be predicted from cumulative temperature: in tomatoes, about 1000°C·days are during the production of high-sugar tomatoes. In this study, fruit sugar concentrations were increased by salt stress, with about 6% Brix measured up to the fourth fruit on each truss. The fifth fruit had the lowest FW of fruits from salt-treated plants; its Brix was also low, similar to that of the control. This result suggests that the low sugar concentration of the fifth fruit was due to its low sink strength, i.e., the sink strength of earliermaturing fruit in the truss might be higher than that of young fruit. Flowering uniformity within the truss was affected by low temperatures and short-day conditions at the seedling stage (Ohyama et al., 2005) . Consequently, we believe that optimization of seedling conditions to ensure uniform flowering within the first flower truss is important for stabilization of sugar concentration and fruit yield in the first fruit truss.
Ascorbic acid changes in tomato fruits mirrored increases in sugar content. Our results are consistent with previous reports that ascorbic acid, which is synthesized from a sugar, increases along with fruit sugar (Sato et al., 2006; Zushi and Matsuzoe, 1998) . Our results are also consistent with previous reports that titratable acid in tomato fruit subjected to salt treatment is higher than in controls (Sato et al., 2006; Saito et al., 2009 ). In our study, soluble solids contents in tomato fruit were significantly increased by salt treatment: from 5.1 to 5.9 g/100 g FW in late-treated plants in Exp. 1, and from 5.4 to 6.4 g/100 g FW in early-treated plants in Exp. 2. Saito et al. (2009) have reported that salinity stress promotes sucrose translocation into fruit and increases sucrose synthase activity. These results indicate that the moderate salinity stress applied in this study also accelerated the translocation of assimilate into tomato fruit.
In conclusion, the use of moderate salinity stress, thereby avoiding excessive stress on plants, increased sugar concentrations without decreasing fruit yield, and led to tomato fruits with average Brix of approximately 6%. Manipulation of nutrient solution concentrations based on cumulative temperature may be difficult, however, because of seasonal differences in plant growth rate. Further study is needed on year-round growth in single truss, high-density tomato production systems, as well as research into management indicators for moderate salinity stress based on both solar radiation and cumulative temperature.
